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Abstract 

A  proton  exchange  membrane  based  on  poly(vinylidene  fluoride)  filled  with  nano- sized  ceramic  fillers  and  a  kind  of  polymeric  acid  was  prepared 
and  characterized  with  FT-IR,  TGA,  and  SEM.  The  membrane  shows  high  and  stable  conductivity  at  room  temperature.  The  role  of  the  ceramic  filler 
and  the  polymer  acid  in  the  enhancement  of  the  proton  productivity  is  discussed.  Proton  conductivities  and  methanol  permeabilities  of  membranes 
with  different  contents  of  ceramic  fillers  were  investigated.  The  ratio  between  the  conductivity  and  methanol  permeability  shows  the  membranes 
with  over  16  wt.%  content  of  alumina  fillers  are  the  best  membranes  prepared  in  this  work  for  use  in  a  direct  methanol  fuel  cell. 

©  2005  Elsevier  B.Y.  All  rights  reserved. 

Keywords:  PVDF;  PAMPS;  Proton  exchange  membrane;  DMFC;  Methanol  permeability 


1.  Introduction 

Proton  exchange  membranes  (PEMs)  play  an  important  role 
in  direct  methanol  fuel  cells  (DMFCs).  The  most  widely  used 
PEMs  are  perfluorosufonate  membranes,  like  Nafion.  These 
membranes  have  a  high  specific  conductivity  at  room  tempera¬ 
ture,  as  well  as  good  mechanical,  chemical,  and  thermal  stability. 
However,  the  cost  and  high  methanol  permeability  are  the  main 
difficulties  for  using  them  in  DMFCs  [1].  In  addition,  the  dehy¬ 
dration  of  the  membranes  at  higher  temperatures  decreases  their 
proton  conductivity  [2] .  Therefore,  much  work  has  been  devoted 
to  modifications  of  Nafion  membranes  [3,4]  and  development 
of  new  PEMs  [5-10]  including  composite  membranes  prepared 
by  incorporating  ceramic  powders  such  as  SiC>2  and  Ti02  into 
polymers  and  absorbing  acid  with  a  phase-inversion  process. 
Nafion/silica  hybrid  membranes  with  various  silica  contents 
were  prepared  by  incorporation  via  an  in  situ  sol-gel  reaction 
of  TEOS.  The  results  showed  the  methanol  permeability  was 
reduced  with  a  high  silica  content  [3,4].  But  Tricoli  and  Nannetti 
[5]  has  reported  that  composite  membranes  formed  of  zeolite 
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embedded  in  Nafion  were  inferior  to  the  zeolite-free  recast 
Nafion  membranes  considering  the  performance  in  both  ion 
conductivity  and  transport  selectivity.  Polyvinyl  alcohol  (PVA) 
membranes  containing  mordenite  have  also  been  prepared  with 
higher  selectivity  than  Nafion  [6]  and  the  authors  suggested  the 
polymer  used  should  be  less  conductive  to  take  advantage  of 
the  selectivity  of  the  particles.  Composite  membranes  based  on 
zeolite  dispersed  in  a  PTFE  matrix  were  prepared  and  showed 
higher  proton  conductivities  at  a  higher  zeolite  content  [7] .  Peled 
et  al.  [8]  demonstrated  that  PVDF-based  composite  membrane 
with  nano- sized  ceramic  powders  could  exhibit  high  proton  con¬ 
ductivity  when  doped  with  some  small  molecular  weight  acid 
such  as  H2SO4.  Panero  et  al.  [9]  prepared  PVDF-based  PEMs  by 
swelling  a  silica- added  PVDF  membrane  in  a  H3PO4  aqueous 
solution.  They  also  demonstrated  the  critical  role  of  dispersed 
ceramic  fillers  in  controlling  the  methanol  permeation.  But  the 
acid  solution  tends  to  migrate  during  the  storage  or  at  high  tem¬ 
perature  [9,10]. 

In  this  work,  based  on  the  method  of  Peled  et  al.  [8]  to  prepare 
PVDF-based  composite  membranes,  we  adopted  a  kind  of  poly¬ 
mer  acid  poly(2-acrylamido-2-methyl  propylene  sulfonic  acid) 
(PAMPS)  as  the  swelling  acid,  which  has  not  been  reported  by 
other  authors.  PAMPS  has  been  shown  to  have  good  chemical 
stability  and  a  high  proton  conductivity  [11].  It  has  been  used 
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in  many  fields  including  the  electrochemical  field  [12-15].  Its 
application  can  be  found  in  electrochromic  devices  as  a  proton 
conducting  gel  [12],  humidity  sensor  [13],  etc.  The  copolymers 
of  AMPS  with  other  monomers  are  used  as  PEMs  in  fuel  cells 
[14,15].  The  role  of  the  PAMPS  in  the  membrane  is  discussed. 
We  also  investigated  the  effect  of  different  contents  of  nano¬ 
sized  alumina  powders  on  the  proton  conductivity  and  methanol 
permeability  of  the  composite  membrane. 

2.  Experimental 

2.7.  Preparation  of  composite  membrane 

PVDF  powder  (Mw  =  900,000,  ShangHai  San  Ai  New  Mate¬ 
rial  Co.  Ltd.),  together  with  a  ceramic  powder  (AI2O3,  30 nm, 
Zhoushan  Mingri  Nanometer  Material  Co.  Ltd.)  were  dispersed 
in  a  solvent  mixture  composed  of  propylene  carbonate  (PC) 
and  cyclopentanone  (CP).  The  mixture  was  heated  at  60  °C 
and  stirred  to  obtain  a  viscous  solution  and  was  cast  onto  a 
clean  glass  plate.  Upon  drying  at  80  °C  for  several  hours,  a 
flexible  membrane  was  obtained,  noted  as  the  precursor  mem¬ 
brane  PVDF-AI2O3  (PA).  The  membrane  was  washed  several 
times  with  deionized  water  and  then  immersed  in  the  aqueous 
solution  of  PAMPS  (prepared  by  spontaneous  polymerization 
of  AMPS  aqueous  solution)  (20  wt.%)  at  90  °C.  The  resulted 
membrane  was  washed  with  deionized  water  to  remove  the 
remaining  PAMPS.  The  final  proton  exchange  membrane  was 
denoted  as  PVDF-AI2O3 -PAMPS  (PAP).  The  thickness  of  the 
swelled  membrane  is  about  200  [xm.  Membranes  with  differ¬ 
ent  contents  (ft  wt.%)  of  AI2O3  powders  in  the  feed  materials 
(PVDF  +  AI2O3)  were  prepared,  denoted  as  PAP n.  The  alumina 
filler  content,  defined  as  the  mass  ratio  Al203/(PVDF  +  AI2O3), 
varied  from  5  to  75  wt.%.  Its  effect  on  the  proton  conductivity 
and  methanol  permeation  performances  of  the  final  membrane  is 
investigated.  PVDF  and  PVDF-PAMPS  membranes  were  also 
prepared  for  comparison  in  the  similar  way  of  PVDF-AI2O3 
and  PVDF-AI2O3 -PAMPS  membrane  except  for  the  addition 
of  AI2O3  nano-powder. 

2.2.  Structural  characterization 

Infrared  spectra  (IR)  were  recorded  on  an  AV360  infrared 
spectrophotometer  with  an  ATR  (attenuated  total  reflection) 
crystal  over  the  range  from  4000  to  700  cm-1.  The  thermal 
stability  of  the  membranes  was  studied  by  thermogravimetric 
analysis  (TGA).  The  samples  were  heated  from  40  to  500  °C 
at  a  rate  of  20°Cmin-1  under  a  dry  nitrogen  atmosphere  on 
Universal  V5.3C  TA  Instrument,  fitted  with  a  TGA  2050  ther¬ 
mogravimetric  thermal  analyzer.  The  surface  morphology  of 
the  composite  membranes  was  observed  on  a  scanning  electron 
microscope  (SEM,  KYKY-2800). 

2.3.  Water  uptake 

Water  uptake  is  defined  by  Ww&t  —  Wdry,  where  Wdry  is  the 
weight  of  the  sample  membrane  dried  in  a  vacuum  oven  under 
100  °C  for  12  h  and  WWQt  is  the  weight  of  the  sample  membrane 


saturated  with  distilled  water  for  48  h  and  weighed  immediately 
after  removing  surface  water  with  filtration  paper. 

2.4.  Measurement  of  conductivity 

Conductivity  was  measured  using  the  ac  impedance  tech¬ 
nology.  The  sample  of  the  given  swollen  membrane  was  sand¬ 
wiched  between  two  stainless  steel  (SS)  electrodes.  A  spring- 
loaded  Teflon  plunger  was  used  to  ensure  an  intimate  contact 
between  the  end  of  the  probe  and  the  membrane  of  inter¬ 
est.  The  impedance  tests  were  carried  out  in  1  MHz-1  Hz 
frequency  range  using  a  Solartron  1255B  Impedance/Gain- 
Phase  Analyzer  coupled  with  a  Solartron  1287  Electrochemical 
Interface. 

2.5.  Methanol  permeability 

A  two-reservoir  cell  was  used  for  the  measurement  of 
methanol  permeability  [16].  The  left  reservoir  was  filled  with  an 
aqueous  solution  of  methanol  (30  wt.%)  while  the  right  reser¬ 
voir  was  filled  with  deionized  water.  The  two  reservoirs  had  a 
circularly  symmetrical  transport  channel  with  the  membranes 
separated  between  them.  The  methanol  flux  was  established 
across  the  membrane  driven  by  the  concentration  difference 
between  the  two  reservoirs.  The  change  of  methanol  concen¬ 
tration  with  time  in  the  right  reservoir  was  measured  using  a  gas 
chromatographic  instrument  (Shimadzu,  GC-14C). 

3.  Results  and  discussion 

The  structure  of  the  PVDF-AI2O3  and  PVDF-AI2O3- 
PAMPS  membranes  were  characterized  by  FT-IR  spectra  and 
is  shown  in  Fig.  1.  There  are  three  more  bands  in  the  spectra  of 
the  PVDF-AI2O3 -PAMPS  membrane  than  in  the  PVDF-AI2O3 
membrane.  The  3410  cm-1  band  is  due  to  the  stretching  vibra¬ 
tion  of  -NH-  in  the  PAMPS.  The  1641  cm-1  band  is  due  to  the 
bending  vibration  of  amide  group  in  the  PAMPS.  The  band  of 
1040  cm-1  is  the  characteristic  absorption  peak  of  AMPS  unit 
due  to  the  SO  group  [12,17].  These  all  show  the  absorption  of 
PAMPS  in  the  final  membrane. 


Fig.  1.  FT-IR  spectra  of  PVDF- AI2O3  and  PVDF- AI2O3 -PAMPS  membrane. 
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Fig.  2.  TGA  curves  of  PVDF,  PVDF-PAMPS,  PVDF-A1203  (5  wt.%  of  alu¬ 
mina),  and  PVDF-AI2O3-PAMPS  (16  wt.%  of  alumina)  membrane. 


Fig.  2  shows  the  TGA  curves  of  four  membranes,  PVDF, 
PVDF-PAMPS,  PVDF-AI2O3,  and  PVDF-A1203-PAMPS. 
All  the  membranes  lost  less  than  5%  weight  at  temperature  lower 
than  300  °C,  which  means  although  functional  groups  may  be 
lost  the  framework  of  the  PVDF-based  membranes  does  not 
degrade  until  around  300  °C.  Compared  with  the  PVDF  mem¬ 
brane,  the  PVDF-PAMPS  membrane  began  to  lose  weight  at  a 
lower  temperature  of  about  300  °C,  corresponding  to  the  decom¬ 
position  of  PAMPS.  In  contrast,  the  PVDF  decomposition  began 
at  a  higher  temperature  of  about  470  °C,  meaning  the  doping 
of  the  polymer  acid  helps  to  increase  the  thermal  stability  of 
the  membrane  rather  than  decrease  it  as  the  inorganic  acids  do 
[9,18].  This  could  also  be  found  by  comparing  the  membranes 
of  PVDF-AI2O3  and  P VDF- Al2 03 -PAMPS .  The  role  of  the 
PAMPS  is  not  only  a  proton  donor  but  also  a  polymer  matrix 
and  does  not  have  the  problem  of  solution  release.  Although  the 
addition  of  AI2O3  in  the  PVDF  caused  the  membrane  to  decom¬ 
pose  at  250  °C  and  made  it  less  stable  at  high  temperature,  the 
thermal  stability  of  the  membrane  is  good  enough  to  serve  as  a 
PEM  in  a  DMFC. 

Fig.  3  shows  the  surface  SEM  photographs  of  membrane 
PVDF,  PVDF-AI2O3,  and  PVDF-A1203 -PAMPS.  The  sur¬ 
face  of  PVDF  membrane  (Fig.  3a)  is  dense  and  homogeneous. 
When  alumina  powders  were  added,  the  membrane  became  less 
uniform  as  the  alumina  may  aggregate  to  form  small  clusters 
(Fig.  3b).  After  swelling  in  PAMPS  solution,  the  clusters  became 
more  dispersed  (Fig.  3c).  With  the  increase  of  alumina  content, 
the  membrane  present  a  more  crystalline  aspect  and  the  fillers 
tend  to  aggregate  (Fig.  3d).  If  the  content  of  alumina  is  increased 
to  75  wt.%,  the  membrane  shows  a  rougher  surface  with  a  con- 


Table  1 

Conductivities  of  PA  16,  PVDF-PAMPS,  PAP  16  membranes  at  room 
temperature 


Sample 

a(S  cm  !) 

PVDF-AI2O3 

1.41  x  lcr4 

PVDF-PAMPS 

4.88  X  10-3 

P  VDF- Al2  O3  -PAMPS 

1.39  x  10-2 

tinuous  phase  of  alumina  and  is  flexible,  more  like  a  gel  when 
exposed  to  water  (Fig.  3e). 

We  used  the  method  of  two  electrodes  ac  impedance 
to  measure  the  conductivities  of  the  PVDF-AI2O3 -PAMPS, 
PVDF-PAMPS,  and  PVDF-AI2O3  membranes.  Their  conduc¬ 
tivities  at  room  temperature  are  listed  in  Table  1 .  And  the  con¬ 
ductivity  of  the  PVDF-AI2O3 -PAMPS  membrane  restored  in 
water  is  stable  for  60  days  at  least. 

Fig.  4  shows  the  water  uptake  and  conductivities  of 
PVDF-AI2O3 -PAMPS  (PAP)  membranes  related  to  the  content 
of  alumina  initially  added.  The  water  uptake  increases  obviously 
with  the  increase  of  alumina  content.  It  increases  from  120% 
to  about  370%  when  the  content  of  alumina  increases  from  5 
to  75%.  The  conductivity  also  increases  with  the  increase  of 
alumina  contents  (see  Table  2).  These  demonstrate  the  impor¬ 
tance  of  both  AI2O3  and  PAMPS  to  increase  the  conductivity 
of  the  PVDF-AI2O3 -PAMPS  membrane.  The  alumina  powders 
as  dispersed  ceramic  fillers  help  promote  the  liquid  retention 
in  the  membrane  due  to  their  properties  of  hydrophillicity.  A 
similar  effect  of  acidic  fillers  in  perfluorosulfonic  membranes 
has  been  reported  [19].  It  has  been  shown  that  the  filler  absorbs 
water  on  the  surface  through  a  strong  interaction  with  surface 
-OH  groups  and  formation  of  hydrogen  bonds,  thus  increasing 
the  water  retention  and  proton  conductivity.  Therefore,  more 
alumina  fillers  promote  the  proton  conductivity  and  modify  the 
morphology  of  the  membrane  (Fig.  3a-e).  It  is  the  hydrophilicity 
of  the  alumina  particles  that  allows  PAMPS  aqueous  solutions  to 
be  inserted  into  an  otherwise  hydrophobic  polymer  matrix  in  the 
same  way  as  H2SO4  or  H3PO4  [18].  The  PAMPS  replaced  the 
solvent  of  PC  in  the  initial  membrane  during  the  swelling  process 
and  provides  protons  to  transport  in  the  membrane.  It  may  be 
observed  that  the  conductivities  of  the  PVDF-AI2O3 -PAMPS 
membranes  are  not  as  high  as  those  of  PVDF-HFP/H2S04/Si02 
or  PVDF-HFP/H3P04/Si02  membranes  in  literatures  [9,18], 
due  to  the  weaker  dissociation  of  PAMPS  and  the  more  diffi¬ 
cult  absorption  of  macromolecules.  But  it  is  compensative  the 
PVDF-AI2O3 -PAMPS  membranes  are  stable  in  the  chemical 
components  and  in  the  proton  conductivities  upon  heating  and 
stored  in  water  for  60  days.  As  shown  in  Fig.  3,  the  soak  of 
PAMPS  also  helps  alumina  fillers  disperse  better  in  the  mem¬ 
brane,  and  is  supposed  to  act  as  a  bridge  to  connect  PVDF 
(with  its  hydrophobic  matrix)  and  alumina  segment  (with  its 


Table  2 


Proton  conductivities  (a)  and  permeabilities  ( P )  at  room  temperature  of  the  PAP  and  Nation  117  membranes 


Pap5 

Pap  16 

Pap50 

Pap75 

Nation  117 

a  (S  cm-1)  (7’=25°C) 

P  (x  105  cm2  min-1) 

5.52  x  10-3 

5.432 

1.19  x  10-2 

2.603 

1.69  x  10-2 

3.366 

2.00  x  10-2 

3.614 

3.33  x  10-2 
7.091 
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Fig.  3.  Surface  SEM  photographs  of  membrane  PVDF  (a),  PVDF-AI2O3  (5wt.%  of  alumina)  (b),  and  PVDF-AI2O3-PAMPS  with  5wt.%  (c),  16wt.%  (d),  and 
75  wt.%  (e)  of  alumina  (scale  bar:  10  pan). 


hydrophilic  sulfonic  acid  group).  Moreover,  as  a  polymer  acid, 
the  PAMPS  could  be  retained  in  the  membrane  in  the  state  of 
a  gel  or  matrix,  which  does  not  release  as  do  other  monomeric 
inorganic  acids  (e.g.  H2SO4  and  H3PO4)  (see  FT-IR  and  TGA 
analyses  above).  This  is  the  reason  for  the  stability  of  the  mem¬ 
brane. 

Fig.  5  shows  the  proton  conductivity  change  of  PAP  16 
membrane  in  relation  to  the  temperature.  The  conductivity  of 
PVDF-AI2O3 -PAMPS  membrane  reaches  1.4  x  10-2  Son-1 
at  room  temperature,  which  is  comparable  to  that  of  Nafion  117. 
The  conductivity  of  the  membrane  increases  linearly  with  tem¬ 
perature  ranging  from  30  to  90  °C.  According  to  the  Arrhenius 
equation,  the  conductivity  activation  energy  is  3.57  kJ/mol,  indi¬ 
cating  a  little  change  with  temperature. 

We  used  a  device  described  in  Section  2  to  measure  the 
methanol  permeation  of  membranes  [16].  In  this  test,  it  is 
assumed  that  the  change  of  the  methanol  concentration  in  the 


Fig.  4.  Water  uptake  and  conductivity  of  PVDF-AI2O3 -PAMPS  membranes 
with  different  contents  of  AI2O3. 
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Fig.  5.  Proton  conductivity  of  PAP  16  membrane  (■)  and  Nation  117  membrane 
(A)  in  relation  to  the  temperature. 
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Fig.  6.  Methanol  concentration  in  the  right  reservoir  (cb)  in  relation  to  time 
during  methanol  permeation  through  PAP  membranes  and  Nation  117. 


source  side  is  negligible  when  the  methanol  concentration  in  the 
receiving  reservoir  is  low.  There  is  a  pseudo-steady-state  condi¬ 
tion  prevailing  in  the  two  reservoirs  during  the  initial  part  of  the 
experiment  [20].  Accordingly,  the  flux  of  methanol  is  constant; 
the  relationship  of  the  methanol  concentration  in  the  receiving 
reservoir  with  time  is  given  by: 


dcB  (0 
d  t 


DK 

=  /!— (CA 


CB  (0) 


where  ca  and  cb  are  the  methanol  concentration  in  the  left  and 
the  right  reservoir,  A  and  L,  the  area  and  thickness  of  the  mem¬ 
brane,  D  and  K ,  the  methanol  diffusivity  and  partition  coefficient 
between  the  membrane  and  the  adjacent  solution,  and  Vb  is  the 
volume  of  the  right  reservoir,  respectively.  The  assumption  that 
D  and  K  are  independent  of  the  methanol  concentration  at  the 
beginning  of  the  experiment  is  made  here.  Eq.  (1)  can  be  solved 
to  give: 


Vb  In 


cb(0 

ca 


P  is  the  membrane  permeability,  defined  as  the  product  DK  and 
to  is  the  time  lag. 

Fig.  6  shows  the  relationship  of  the  methanol  concentration  in 
the  right  reservoir  (permeation  side)  with  time  using  membranes 
of  PAP  series  and  Nafion  117.  The  linear  behavior  expected  by 
Eq.  (2)  is  observed  in  Fig.  7  and  P  can  be  obtained  from  the 
slopes  of  the  straight  lines.  The  permeabilities,  together  with 
conductivities,  of  the  membranes  are  listed  in  Table  2.  We  can 
observe  from  these  values  that  these  PVDF-based  composite 
membranes  have  lower  permeabilities  than  Nafion  117.  The 
increase  in  alumina  content  causes  changes  in  the  methanol 
permeability.  The  permeability  decreased  by  more  than  a  half 
when  the  alumina  content  increased  from  5  to  16%.  This  was 
also  observed  in  the  case  of  Nafi on/silica  hybrid  membranes 
[3,4]  and  PVA/zeolite  composite  membranes  with  low  content 
of  ceramic  fillers  [7].  But  if  the  alumina  content  increased  to 
50  and  75%,  the  permeability  would  become  higher  than  that 
in  the  case  of  16%,  but  still  lower  than  that  of  5%.  This  can  be 


explained  from  the  phase- separated  structure  of  the  membrane. 
With  a  low  filler  loading,  the  alumina  particles  are  separated 
by  polymer  matrix  and  methanol  could  pass  through  pathways 
formed  by  hydrophilic  part  of  PAMPS.  When  the  filler  loading 
is  increased  to  an  extent  (e.g.  16wt.%),  they  are  dispersed  in 
the  polymer  matrix  and  could  be  obstacles  in  the  pathway  of 
methanol.  At  high  loading  (over  50wt.%),  the  alumina  parti¬ 
cles  tend  to  aggregate  to  larger  clusters  and  become  continuum. 
Methanol  could  easily  go  through  porous  channels  formed  by 
the  large  clusters  [9].  From  the  results  of  this  work,  we  found 
the  transport  mechanisms  of  proton  and  methanol  are  different  in 
the  case  of  the  PVDF  composite  membrane  with  ceramic  fillers 
and  PAMPS.  It  is  assumed  the  protons  shuttled  through  the  alu¬ 
mina  fillers  while  the  methanol  goes  around  the  alumina  fillers, 
as  described  in  literature  [7] . 

The  ideal  PEM  for  a  DMFC  is  expected  to  have  high  proton 
conductivity  and  low  methanol  permeability.  The  ratio  between 
proton  conductivity  to  methanol  permeability  in  the  membrane, 
0,  is  used  here  to  describe  the  membrane  performance.  The 


Fig.  7.  -ln(l  —  cb/ca)  vs.  time  of  methanol  permeated  through  PAP  and  Nafion 
117  membranes. 
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Fig.  8.  Proton  conductivity/methanol  permeability,  0,  for  PAP  series  and  Nation 
117  membranes. 


higher  0  value,  the  better  the  membrane  performance.  The  0 
values  of  membranes  investigated  in  this  work  are  compared  in 
Fig.  8.  We  can  infer  from  it  that  the  PAP  membranes  with  more 
alumina  fillers  (greater  than  16wt.%)  would  perform  better  in 
the  DMFC  than  with  fewer  alumina  fillers  (5  wt.%).  The  0  value 
of  PAP  16  membrane  is  close  to  that  of  Nation  117,  and  the  value 
of  PAP50  and  PAP75  is  higher  than  that  of  Nation  117. 

4.  Conclusions 

The  PVDF-based  composite  PEM  was  prepared  by  addition 
of  ceramic  powders  and  doping  of  PAMPS.  The  roles  of  the  alu¬ 
mina  fillers  and  the  PAMPS  in  the  PEM  are  discussed.  Use  of  a 
polymeric  water-insoluble  ionomer,  like  PAMPS,  in  the  mem¬ 
brane  solved  the  problem  of  ionomer  loss  from  the  membrane 
and  made  it  applicable  in  a  DMFC.  This  composite  membrane 
shows  high  thermal  stability,  high  conductivity  at  room  tem¬ 
perature  and  low  methanol  permeability.  The  water  uptake  and 
proton  conductivity  increased  with  the  content  of  alumina  filler. 
Methanol  permeation  is  reduced  with  high  alumina  filler  content. 
The  membranes  with  high  alumina  filler  contents  are  promising 
for  use  in  the  DMFC  due  to  their  high  0  values.  Further  inves¬ 


tigations  are  in  progress  to  apply  these  PVDF-based  composite 
membranes  to  DMFC  operation. 
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